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LOW TEMPERATURE CARBURIZATION
UNDER SOFT VACUUM

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based on and claims priority to Appli-
cation Ser. No. 61/232,148, filed Aug. 7, 2009, the discourse
of which is incorporated herein by reference.

BACKGROUND
Conventional Carburization

Traditional (high temperature) carburization is a widely
used industrial process for enhancing the surface hardness of
shaped metal articles (“case hardening”). In a typical com-
mercial process, the workpiece is contacted with a carbon
containing gas at elevated temperature whereby carbon atoms
liberated by decomposition of the gas diffuse into the work-
piece’s surface. Hardening occurs through the reaction of
these diffused carbon atoms with one or more metals in the
workpiece thereby forming distinct chemical compounds,
i.e., carbides, followed by precipitation of these carbides as
discrete, extremely hard, crystalline particles in the metal
matrix forming the workpiece’s surface. See, Stickels, “Gas
Carburizing”, pp 312 to 324, Volume 4, ASM Handbook,
©1991, ASM International.

Inthe last few years, new methods have been introduced for
carrying out traditional carburization in which acetylene sup-
plied at very low pressures is used as the carburizing gas. A
primary benefit claimed for this approach is that the amount
of by-product soot that is formed as part of the carburization
reaction is reduced. See, EP 818 555 and corresponding U.S.
Pat. No. 5,702,540. In some instances, acetylene flow to the
reaction chamber is pulsed rather than constant, as this is said
to reduce soot formation even further.

Stainless steel is “stainless” because of the coherent,
impervious layer of chromium oxide which inherently forms
on the surface of the steel as soon as it is exposed to the
atmosphere. When stainless steel is traditionally carburized,
the chromium content of the steel is depleted through the
formation of the carbide precipitates responsible for surface
hardening. As a result, there is insufficient chromium in the
steel, at least in areas immediately surrounding the chromium
carbide precipitates, to form this chromium oxide protective
coating. For this reason, stainless steel is rarely case hardened
by conventional carburization, since the corrosion resistance
of the steel is compromised.

Low Temperature Carburization

In the mid 1980’s, a technique for case hardening stainless
steel was developed in which the workpiece is contacted
with a carbon containing gas at low temperature, typically
below ~550° C. (~1000° F.). At these temperatures, and pro-
vided that carburization does not last too long, carbon atoms
liberated by decomposition of the gas diffuse into the work-
piece surfaces, typically to a depth of 20-50, without forma-
tion of carbide precipitates. Nonetheless, an extraordinarily
hard case (surface layer) is obtained. Because carbide pre-
cipitates are not produced, the corrosion resistance of the steel
is unimpaired, even improved. This technique, which is
referred to a “low temperature carburization,” is described in
a number of publications including U.S. Pat. No. 5,556,483,
U.S. Pat. No. 5,593,510, U.S. Pat. No. 5,792,282, U.S. Pat.
No. 6,165,597, EPO 0787817, Japan 9-14019 (Kokai
9-268364) and Japan 9-71853 (Kokai 9-71853).
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Original thinking was that surface hardening occurs in low
temperature carburization due solely to the stress placed on
the crystal lattice of the metal by the carbon atoms which have
diffused into this lattice. However, recent analytical work
suggests that an additional phase or phases may be formed in
this hardened surface layer. While the exact nature of these
additional phases is still unknown, what is known is that the
chromium content of these additional phases is identical to
that of the surrounding metal matrix. The result is that the
corrosion resistance of the steel remains unimpaired, because
the chromium responsible for corrosion resistance remains
uniformly distributed throughout the metal.

Because the temperatures involved in low temperature car-
burization are so low, carbon atoms will not penetrate the
steel’s chromium oxide protective coating. Therefore, low
temperature carburization of stainless steel is normally pre-
ceded by an activation step in which the workpiece is con-
tacted with a halogen containing gas such as HF, HCI,NF;, F,
or Cl, at elevated temperature, e.g., 200 to 400° C., to make
the steel’s protective oxide coating transparent to carbon
atoms.

Clean UP

Low temperature carburization normally produces soot as
an unwanted by-product. In addition, low temperature car-
burization also produces an undesirable, porous “thermal”
oxide film on the outermost surfaces of the workpiece about
20-30 nm thick. See, Japan 9-71853 (Kokai 9-71853). In
addition, under this thermal oxide film, an extremely thin
outer surface layer of the metal may contain a small amount of
carbide precipitates, especially if the low temperature carbur-
ization conditions are too severe. See, U.S. Pat. No. 5,556,
483, U.S. Pat. No. 5,593,510 and U.S. Pat. No. 5,792,282. In
order for the workpiece to exhibit an attractive shiny, metallic
appearance, this soot and outermost thermal oxide film must
be removed. Therefore, as a practical matter, these undesir-
able surface layers (i.e., the soot, thermal oxide film, and thin
outermost metal layer containing carbide precipitates, if any)
are removed before the workpiece is used. Normally, only a
minimum amount of the workpiece’s metal surface is
removed, about 1 micron or so, since the hardened “case”
produced by low temperature carburization only extends
down to the first 10-25 microns or so of the workpiece’s
surface.

In any event, in the context of this disclosure, reference to
aworkpiece surface layer which is “essentially free of carbide
precipitates” or which is made “without formation of carbide
precipitates” refers to the corrosion-resistant, carbon-hard-
ened surface layer underneath these unwanted by-product
layers. For convenience, this corrosion-resistant, hardened
byproduct-free surface layer is referred to herein as the “pri-
mary” surface layer of the workpiece.

Acetylene

WO 2006/136166, the entire disclosure of which is incor-
porated herein by reference, describes a low temperature
carburization process in which acetylene is used as the carbon
source for the carburization reaction. If desired, hydrogen
(H,) can be included in the carburizing gas to facilitate
decomposition of the acetylene and make control of the pro-
cess easier. As further described there, decomposition of the
acetylene for carburization also activates the chromium oxide
coating, thereby rendering a separate activation step unnec-
essary. Although carburization at “sub-atmospheric pressure”
is “contemplated,” all working examples are done at conven-
tional pressures.

U.S. Pat. No. 7,122,086 to Tanaka et al., the entire disclo-
sure of which is also incorporated herein by reference,
describes a similar low temperature carburization process in
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which a stainless steel workpiece, after first being activated
by contact with a fluorine containing gas, is carburized by
contact with acetylene in a hard vacuum, i.e., at a total pres-
sures of 1 torr (133 Pa (Pascals)) or less. A primary benefit
claimed for this approach is that the production of soot and
undesirable thermal oxide film byproducts is substantially
reduced. Nonetheless, the carburized workpiece obtained still
needs to be treated, mechanically and/or chemically, to
remove these byproduct layers before a usable, final product
is obtained.

SUMMARY

In this invention, a stainless steel workpiece is also low
temperature carburized by contact with acetylene in a
vacuum. However, in this invention, a soft vacuum is used,
i.e., a total reaction pressure of about 3.5 to 100 torr (~500 to
~13,000 Pa (Pascals)). In addition, the acetylene is kept at a
partial pressure of about 0.5 to 20 torr (~67 to ~2,666 Pa). In
addition, a companion gas such as hydrogen (H,) is included
in the system. In accordance with this invention it has been
found that, by following this approach, the production of soot
and thermal oxide film are eliminated virtually completely.
As a result, final useful carburized products can be obtained
without the post removal treatments previously necessary for
producing “surface-clean” products having the attractive
shiny, metallic appearance desired.

Thus, this invention provides a process for surface harden-
ing a workpiece made from an iron, nickel and/or chromium
based alloy by gas carburization in which the workpiece is
contacted with a carburizing gas at an elevated carburization
temperature to cause carbon to diffuse into the workpiece
surfaces thereby forming a hardened primary surface layer
essentially free of carbide precipitates, wherein the carburiz-
ing specie in the carburizing gas is an unsaturated hydrocar-
bon, the partial pressure of the carburizing specie in the car-
burizing gas is about 0.5 to 20 torr (~67 to ~2,666 Pa), the total
pressure of the carburizing gas is about 3.5 to 100 torr (~500
to ~13,000 Pa), and the carburizing gas also contains hydro-
gen or other companion gas.

More specifically, this invention provides a process for
producing a surface-hardened, corrosion-resistant stainless
steel workpiece exhibiting a shiny metallic appearance with-
out requiring removal of byproduct soot or thermal oxide
from the workpiece surfaces, the process comprising contact-
ing the workpiece with a carburizing gas under conditions of
time and temperature which are sufficient to cause carbon to
diffuse into the workpiece surfaces thereby forming a hard-
ened primary surface layer essentially free of carbide precipi-
tates but insufficient to cause byproduct soot or thermal oxide
to form to any significant degree, wherein the carburizing gas
comprises acetylene and hydrogen, the partial pressure of
acetylene in the carburizing gas is about 0.5 to 20 torr (~67 to
~2,666 Pa), the total pressure of the carburizing gas is about
3.5 to 100 torr (~500 to ~13,000 Pa), and the molar ratio of
hydrogen to acetylene in the carburizing gas is at least 2:1.

DETAILED DESCRIPTION

Alloys

While this invention will normally be carried out on stain-
less steels, it can also be used on workpieces made from other
iron, nickel, cobalt and/or chromium-based alloys. Such
materials are well known and described for example in the
above-noted U.S. Pat. No. 5,792,282, U.S. Pat. No. 6,093,
303, U.S. Pat. No. 6,547,888, EPO 0787817 and Japanese
Patent Document 9-14019 (Kokai 9-268364).
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Particular alloys of interest are steels, especially steels
containing 5 to 50, preferably 10 to 40, wt. % Ni. Preferred
alloys contain 10 to 40 wt. % Ni and 10 to 35 wt. % Cr. More
preferred are the stainless steels, especially the AISI 300
series steels. Of special interest are AISI 301, 303, 304, 309,
310, 316, 3161, 317, 317L, 321, 347, CF8M, CF3M,
254SMO, A286 and AL6XN stainless steels. The AISI 400
series stainless steels and especially Alloy 410, Alloy 416 and
Alloy 440C are also of special interest.

Particular nickel-based alloys which can be low tempera-
ture carburized in accordance with this invention include
Alloy 600, Alloy 625, Alloy 825, Alloy C-22, Alloy C-276,
Alloy 20 Cb and Alloy 718, to name a few examples.

In addition to iron- and nickel-based alloys, low tempera-
ture carburization in accordance with the present invention
can also be practiced on cobalt-based alloys as well as man-
ganese-based alloys. Examples of such cobalt-based alloys
include MP35N and Biodur CMM, while examples of such
manganese-based alloys include AISI 201, AIST 203EZ and
Biodur 108.

Low temperature carburization in accordance with the
present invention can also be practiced on various duplex
steels including Alloy 2205, Alloy 2507, Alloy 2101 and
Alloy 2003, for example, as well as on various age hardenable
alloys such as Alloy 13-8, Alloy 15-5 and Alloy 17-4, for
example.

The particular phase of the metal being processed in accor-
dance with the present invention is unimportant, as the inven-
tion can be practiced on metals of any phase structure includ-
ing, but not limited to, austenite, ferrite, martensite, duplex
metals (e.g., austenite/ferrite), etc.

Carburization Reactor

Most commonly, carburization is done by placing the
workpiece in a carburization reactor, evacuating the reactor to
the desired level of vacuum, and then supplying a carburiza-
tion gas to the reactor at a suitable flowrate while maintaining
the desired level of vacuum in the reactor. The carburization
gas that the workpiece actually comes into contact with dur-
ing carburization is controlled by controlling the flowrate of
the carburizing gas and/or its components fed to the reactor as
well as the level of vacuum inside the reactor.

Other techniques for contacting the workpiece with the
carburization gas can, of course, be used.

Carburization Temperature

Conventional low temperature carburization is normally
carried out at reaction temperatures below 550° C., normally
about 450° C. to 525° C. In contrast, modified low tempera-
ture carburization processes in which acetylene or analogue is
used as the carbon source can be carried out at lower tem-
peratures, typically on the order of 350° C. to 510° C., but
more commonly 350° C. to 450° C., because unsaturated
hydrocarbons are so active.

Any of'these carburization temperatures can be used in the
inventive process, if desired. However, the lower carburiza-
tion temperature described above, 350° C. to 510° C., more
commonly 350° C. to 450° C., will normally be employed
because they allow better control of the carburization reaction
and result in less soot production.

Carburizing Gas

In accordance with this invention, the workpiece to be
carburized is contacted with a carburizing gas containing
acetylene or analogue as the carburization specie. In this
context, “carburization specie” refers to the carbon contain-
ing compound in the carburizing gas which decomposes to
yield elemental carbon for the carburization reaction.

In addition to acetylene, essentially any other unsaturated
hydrocarbon (“acetylene analogue”) can be used as the car-
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burizing specie in this invention including hydrocarbons with
ethylenic unsaturation, hydrocarbons with acetylenic unsat-
uration and hydrocarbons with aromatic unsaturation. In this
context, “hydrocarbon” has its ordinary meaning, i.e., a com-
pound composed of carbon and hydrogen only, with no other
element being present. For example, ethylenically unsatur-
ated hydrocarbons including monoolefins and polyolefins,
both conjugated and unconjugated, can be used. Ethene (eth-
ylene), propene (propylene), butene, and butadiene are good
examples. Acetylenically unsaturated hydrocarbons such as
acetylene and propyne (C;H,) can also be used. Acetylene
and C,-C ethylenically unsaturated compounds are of spe-
cial interest because of low cost and ready availability. Mix-
tures of these compounds can also be used.

In addition to this carburizing specie, the carburization gas
used in the inventive process also includes a companion gas.
Inthis context, a “companion gas” will be understood to mean
any gas which will readily react with oxygen under the reac-
tion conditions encountered during the carburization reaction
and, in addition, which is not an unsaturated hydrocarbon.
Hydrogen (H,) is preferred since it is inexpensive and readily
available. Natural gas, propane, other C,-C, alkanes and
other saturated hydrocarbons are also believed to be suitable
for this purpose, as they readily react with oxygen at the
elevated temperatures involved in low temperature carburiza-
tion. On the other hand, nitrogen and the other inert gases are
not suitable for this purpose, since they do not react with
oxygen under these conditions. In addition, acetylene and
other unsaturated hydrocarbons are not “companion gases”
within the meaning of this disclosure, because they serve as
the active carburizing specie.

In addition to the carburizing specie and companion gas,
the carburizing gas used in the inventive process can also
contain still other ingredients in accordance with conven-
tional practice. Thus, for example, the carburization gas can
contain a suitable inert diluent gas such as nitrogen, argon and
the like. Other gases can also be used, it being desirable to
avoid using compounds containing significant amounts of
oxygen, nitrogen, boron and/or any other non-inert element
(other than carbon and hydrogen) to avoid introducing such
elements into the workpiece.

Vacuum Conditions

In accordance with this invention, low temperature carbur-
ization using acetylene or analogue as the carburizing specie
is carried out under soft vacuum conditions with a carburizing
gas that also contains a companion gas. In this context, “soft
vacuum” will be understood to mean a total system pressure
of'about 3.5 to 100 torr (~500 to ~13,000 Pa). In accordance
with this invention it has been found that, when low tempera-
ture carburization of stainless steel is carried out in this way,
formation of byproduct soot and undesirable thermal oxide
film that normally occurs during conventional low tempera-
ture carburization can be eliminated virtually completely.
Thus, it is possible in accordance with this invention to pro-
duce finished low temperature carburized stainless steel prod-
ucts having the attractive shiny, metallic appearance desired
without the cleaning step or steps normally undertaken to
remove these unwanted byproducts.

Asindicated above, U.S. Pat. No. 7,122,086 to Tanaka et al.
describes low temperature carburizing stainless steel by con-
tact with acetylene in a hard vacuum, i.e., at a total pressures
of 1 torr (~133 Pa (Pascals)) or less. Although this approach
reduces formation of byproduct soot and thermal oxide film,
enough of these undesirable by-products remain so that the
carburized workpiece still needs to be cleaned, mechanically
and/or chemically, before a final product is obtained.
Although not wishing to be bound to any theory, it is believed
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6

this result is due at least in part to the contaminants found in
the so-called “Beilby” layer of the workpiece, i.e., the amor-
phous layer up to about 2.5 microns thick formed on the
outermost surface of the steel by disorientation of its crystal
structure during polishing, machining or other surface disrup-
tive manufacturing technique. In addition to a fractured grain
structure, the Beilby layer is also known to contain contami-
nates picked up during manufacture of the steel including
oxygen, moisture, lubricants, etc. In accordance with this
aspect of the invention, it is believed that these contaminants,
especially water and oxygen, can participate in the formation
of a thermal oxide film byproduct during conventional low
temperature carburization.

In accordance with this invention, therefore, carburization
is carried out under “soft vacuum” conditions involving a
significantly higher total pressure (~3.5 torr minimum versus
1 torr maximum in Tanaka) in the presence of a substantial
amount of hydrogen or other companion gas. As a result, it is
believed that these contaminants, especially water and oxy-
gen, are prevented from promoting formation of the thermal
oxide film byproduct because of the more intense reducing
conditions created by the combination of this companion gas
together with the decomposing acetylene. In any event, it has
been found in accordance with this invention that, so long as
(1) the total pressure of the carburizing gas is about 3.5 to 100
torr (~500to0 ~13,000 Pa), (2) the partial pressure of acetylene
or analogue in the carburizing gas is about 0.5 to 20 torr (~67
t0 ~2,666 Pa), and (3) a substantial amount of companion gas
is included in the carburizing gas, formation of by-product
soot and thermal oxide film is eliminated virtually com-
pletely.

The reason why the minimum total pressure of the carbur-
izing gas is at least about 3-4 torr (~500 Pa) is that signifi-
cantly lower pressures promote formation of the unwanted
thermal oxide layer byproduct.

The reason why the maximum total pressure of the carbur-
izing gas is about 100 torr (~13,000 Pa) is that significantly
higher pressures also promote formation of the unwanted
thermal oxide layer byproduct. In this regard, essentially all
industrial gases available at commercially feasible prices
contain at least some level of oxygen and moisture contami-
nation. As the total pressure of the carburizing gas begins to
exceed about 100 torr (~13,000 Pa), formation of the
unwanted thermal oxide layer byproduct from the moisture
and/or oxygen contaminants in the gases used in the inventive
process begins to be significant. Therefore, the total pressure
of the carburizing gas used in the inventive process is desir-
ably held at or below about 100 torr (~13,000 Pa) to minimize
formation of this undesirable byproduct from these moisture
and/or oxygen contaminants.

The reason why the minimum partial pressure of acetylene
or analogue in the carburizing gas is about 0.5 torr (~67 Pa),
is that significantly lower partial pressures provide insuffi-
cient carburization under the “soft vacuum” conditions used
in the inventive system.

Finally, the reason why the maximum partial pressure of
acetylene or analogue in the carburizing gas is about 20 torr
(~2,666 Pa), is that significantly higher partial pressures pro-
mote excessive soot formation.

Generally speaking, therefore, the total pressure of the
carburizing gas used in the inventive process will normally be
about 3.5 to 100 torr (~500 to ~13,000 Pa). Total pressures on
the order of 4 to 75 torr (~533 to ~10,000 Pa), 4.5 to 50 torr
(~600 to ~6,666 Pa), 5 to 25 torr (~666 to ~3,333 Pa), 5.5 to
15 torr (~733 to ~2,000 Pa), and even 6 to 9 torr (~80 to
~1,200 Pa), are desirable. Similarly, partial pressures of
acetylene or analogue in the carburizing gas will normally be
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about 0.5 to 20 torr (~67 to ~2,666 Pa). Partial pressures on
the order of 0.6 to 15 torr (~80 to ~2,000 Pa), 0.7 to 10 torr
(~93 t0 ~1,333 Pa), 0.8 to 5 torr (~107 to ~666 Pa) and 0.9 to
2.1 torr (~120 to ~280 Pa) are more interesting. This means
that the concentration of acetylene or other carburizing specie
will generally be about <50 vol. %, =40 vol. %, <35 vol. %, or
even =30 vol. %, based on the carburization gas as a whole,
with concentrations on the order of 3 to 50 vol. %, 4 to 45 vol.
%, 7 to 40 vol. %, and even 10 to 35 vol. %, being more
common. Systems in which total pressure is about 5 to 25 torr
(~666t0~3,333 Pa), or even 6 to 9 torr (80-1,200 Pa), and the
concentration of carburization specie is about 7 to 40 vol. %
or even 10 to 35 vol. %, are more interesting.

As indicated above, the carburizing gas used in the inven-
tive process also contains a significant amount of companion
gas, preferably hydrogen, H,. As further indicated above, the
function of this companion gas is to make the reducing con-
ditions seen by the workpiece more intense than would oth-
erwise be the case, it having been found that the presence of
this companion gas in combination with the acetylene already
in the system eliminates formation of unwanted thermal
oxide byproduct film virtually completely, at least when the
inventive process is carried out under the soft vacuum condi-
tions described above. Accordingly, the amount of hydrogen
or other companion gas included in the carburizing gas of this
invention should be enough to accomplish this function.

In practical terms, this means that the entire remainder of
the carburizing gas, i.e., all of the carburizing gas not com-
posed ofacetylene or analogue, will normally be composed of
hydrogen or other companion gas. This is because, at the
relatively low total reaction pressures involved in the inven-
tive process, 3.5 to 100 torr (~500 to ~13,000 Pa), the total
amount of this remainder is relatively small. Therefore, there
is no real economic advantage to be gained in introducing
nitrogen or other inert gas into the system as a practical
matter.

The above-noted WO 2006/136166 indicates that nitrogen
(N,) in addition to hydrogen (H,) can be included in its
acetylene-based carburizing gas. However, the carburization
process described there is carried out at or near atmospheric
pressure. At such relatively high pressures, it makes sense to
include a significant amount nitrogen in the carburizing gas
not only to reduce consumption of expensive hydrogen but
also to help control the carburization reaction and reduce soot
production.

The inventive process, however, is carried out at much
lower total pressure, about 100 torr (~13,000 Pa) or less. At
these much lower pressures, the expense of hydrogen con-
sumption becomes less significant. In addition, control of the
reaction is naturally easier because of the inherently smaller
amounts of acetylene and hydrogen present due to this much
lower pressure. In addition, production of unwanted soot is
inherently less. The practical result is that including nitrogen
or other inert gas in the system to reduce costs, aid reaction
control and reduce soot production is unnecessary as a prac-
tical matter. Therefore, the most practical way of carrying out
the inventive process is to make up the entire remainder of the
carburizing gas, i.e., all of the carburizing gas not composed
of acetylene or analogue, from hydrogen (H,) or other com-
panion gas. On the other hand, nitrogen or other inert gas can
be included in the system, if desired, so long as enough
hydrogen or other companion gas remains in the system to
achieve its function as described above, i.e., to retard forma-
tion of the thermal oxide byproduct layer.

In practical terms, this means that the amount of hydrogen
or other companion gas in the carburizing gas will normally
be atleast about twice the amount of acetylene or analogue. In
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other words, the ratio of the partial pressure of hydrogen or
other companion gas to acetylene or analogue will normally
be at least about 2. Partial pressure ratios of =4, =5, 27, =10,
=15, 220, =25, =50 and even =100 are contemplated.
Activation

As indicated above, before stainless steel can be low tem-
perature carburized, it is normally treated to render its coher-
ent chromium oxide protective coating transparent to carbon
atoms. Usually, this is done by contact of the workpiece with
an activating gas comprising a halogen containing gas, e.g.,
HF, HCI, NF;, F, or Cl,, at elevated temperature, e.g., 200 to
400° C., usually at pressures at or near atmospheric pressure.
Most conveniently, activation is done in the same reactor as
carburization without removing the workpiece from the reac-
tor or otherwise exposing the workpiece to the atmosphere
between activation and carburization, since this allows the
less expensive and easier to handle chlorine based com-
pounds such as HCI to be used. Any of these conventional
approaches can also be used to activate stainless steel work-
pieces to be low temperature carburized by the inventive
process.

In accordance with another embodiment of this invention,
activation is done not only in the same reactor as carburization
without removing the workpiece from the reactor or other-
wise exposing the workpiece to the atmosphere between acti-
vation and carburization, but also under a similar regimen of
conditions as that involved in the carburization reaction, i.e.,
under essentially the same “soft” vacuum, at essentially the
same temperature, and in the presence of the same companion
gas as used in the carburization step. The advantage of this
approach is that it greatly facilitates control over the overall
process, because the temperature and overall pressure inside
the reactor can be kept the essentially the same with only the
flows of chemically active gases, i.e., the activating gas in the
activating step, the carburizing specie in the carburization
step (and possibly the companion gas, if desired) being
changed. This, in turn, significantly reduces the magnitude of
gas flow changes needed to switch between activation and
carburization, which makes overall control of the system
easier. This ease of control is particularly advantageous in
certain additional embodiments of this invention in which the
workpiece is subjected to alternating cycles of activation and
carburization, as further discussed below.

In this embodiment, the reaction temperature during both
activation and carburization is normally kept essentially the
same, since this most convenient. Although these tempera-
tures, e.g., 350° C.t0 450° C. oreven 510° C., are higher than
normally encountered in conventional activation for low tem-
perature carburization (200° C. to 400° C.), they are nonethe-
less effective especially if the activating gas is somewhat
diluted as further discussed below. Different temperatures
can also be used for activation and carburization, although
there is no particular advantage in doing so. If different tem-
peratures are used, the difference will normally be no more
than about 100° C., 50° C., 25° C., or even 10° C.

With respect to reaction pressure, activation can be done at
any pressure including atmospheric pressure, subatomo-
spheric pressure and superatmospheric pressure, if desired.
However, in accordance with this embodiment, activation is
preferably done at or near the “soft vacuum” pressures used in
the carburization step, i.e., 3.5 to 100 torr (~500 to ~13,000
Pa), 4 to 75 torr (~533 to ~10,000 Pa), 4.5 to 50 torr (~600 to
~6,666 Pa), 5 to 25 torr (~666 to ~3,333 Pa), 5.5 to 15 torr
(~733 to ~2,000 Pa), or even 6 to 9 torr (~80 to ~1,200 Pa).

Two different approaches are typical. In a first approach to
pressure, the overall reaction pressure is kept essentially the
same with the flowrate of the companion gas (and inert gas in
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the system, if any) varied to take into account the different
flow rates of the chemically active gases. In this regard, the
concentration of acetylene or other carburizing specie in the
carburization gas will normally be somewhat higher than the
concentration of the activating gas in the activating gas mix-
ture. Therefore, if this approach is used, the flowrate of the
companion gas is decreased when switching from activation
to carburization to account for the increased flow of chemi-
cally active gas. Conversely, the flowrate of companion gas is
increased when switching from carburization to activation to
account for the decreased flow of chemically active gas.

Although the reaction pressure is kept essentially the same
during both activation and carburization in this approach,
variations in pressure are possible. If different pressures are
used, the difference between these pressures will normally be
no more than about 20 torr, 15 torr, 10 torr or even 5 torr.

In the second approach to pressure, the flow rate of the
companion gas is kept the same with the overall pressure
changing to accommodate the change in the total amount of
gas fed to the reactor. As indicated above, the concentration of
acetylene or other carburizing specie in the carburization gas
will normally be somewhat higher than the concentration of
the activating gas in the activating gas mixture. Therefore, if
this approach is used, the overall absolute pressure inside the
reaction chamber will be relatively higher during carburiza-
tion, due to a greater overall amount of gas being fed to the
reactor during this procedure, and relatively lower during
activation, due to a lesser overall amount of gas being fed to
the reactor during this procedure.

In this approach, the change in reaction pressure will be
directly proportional to the change in total gas flowrate to the
reactor. For example, if the flowrate of the total amount of
gases fed to the reactor increases by 10% when switching
from activation to carburization, the absolute pressure in the
reactor after steady state is reached will also increase by 10%.
However, variations in this change to reaction pressure can be
used, if desired. If variations are desired, variations from this
steady state pressure of £20%, +15%, £10%, and even +5%,
can be used.

A hybrid of the above two pressure approaches can also be
used, if desired. That is to say, the total flowrate of the com-
panion gas can be varied when switching from activation to
carburization and from carburization to activation, but not so
much that the reaction pressure remains constant. This hybrid
approach may be more convenient in commercial operations
in which much bigger reaction vessels are used, since it
reduces the precision that is necessary for pressure control. So
long as the pressure inside the reactor is kept between the
steady state pressures that would be established by the first
pressure approach and the second pressure approach, the
advantages of this embodiment of the invention will be real-
ized.

As for the activating gas used in this embodiment, it can be
used “neat,” i.e., without any other gas being present, if
desired. Normally, however, it will be combined with the
same companion gas (and inert gas, if any) used in the car-
burization step, as described above, since this is most conve-
nient. As in the case of carburization, however, there is no real
economic or technical advantage to including an inert gas in
the system because of the low pressures involved, and so inert
gases will normally not be used.

In any event, when a companion gas (and inert gas, if any)
is combined with the activating gas, any suitable concentra-
tion of activating gas can be included in the activating gas
mixture, i.e., the mixture of activating gas and companion
gas. The particular concentration to use in particular embodi-
ments depends on a number factors including the severity of
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the activation conditions desired, the time allotted for the
activation procedure, the desired similarity between the acti-
vation and carburization steps in terms of flow rate of the
companion gas, etc., and can easily be determined by routine
experimentation. Concentrations of activating gas in the acti-
vating gas mixture of 0.1 vol. % to 30 vol. %, 0.5 vol. % to 10
vol. %, and even 1 vol. % to 5 vol. % are typical.

Pulsing the Activating Gas

Inaccordance with yet another feature of this invention, the
supply of activating gas to the reactor is pulsed. In other
words, the flowrate of this activating gas is pulsed between
higher and lower values (including zero) during the activating
step. It is believed this approach will enable the activation
time to be shortened even more compared with standard prac-
tice.

Pulsing the activating gas can be done in a variety of
different ways. For example, where the activating gas is used
“neat,” i.e., without diluents, the activating gas can be pulsed
by repeatedly changing the flowrate of the activating gas to
the reactor between higher and lower values. Moreover, the
levels of these higher and lower values can be increased or
decreased over the course of the activation procedure, if
desired, to achieve a corresponding increase or descries in the
severity of the activating conditions seen by the workpiece. In
the same way, the duration of each pulse, the frequency of
each pulse, or both, can be increased or decreased over the
course of the activation procedure, if desired, to achieve a
corresponding increase or decrease in the severity of the
activating conditions seen by the workpiece.

The same approach can also be used in those situations in
which the activating gas is combined with a companion gas
and optional inert gas, as discussed above. For example, the
concentration of activating gas in the activating gas mixture
can be pulsed between higher and lower values and/or the
flow rate of the activating gas fed to the reactor can be
changed between higher and lower values. Similarly, the
severity of the activation conditions can be increased or
decreased over the course of the activation procedure, if
desired, by changing the magnitude, frequency and/or dura-
tion of each pulse.

Changing the Carburization Potential

In our earlier U.S. Pat. No. 6,547,888, the disclosure of
which is also incorporated herein by reference in its entirety,
we describe a modified low temperature carburization pro-
cess in which the carburization potential seen by the stainless
steel workpiece is changed over the course of the carburiza-
tion reaction. Provided that this change is done in an appro-
priate way, we found that the overall carburization reaction
can be done faster, the production of soot reduced, or both,
relative to conventional practice.

As described there, these changes in the carburization
potential include (1) lowering the carburization temperature,
(2) lower the concentration of carburizing specie in the car-
burizing gas, (3) interrupting the carburization process while
maintaining the workpiece at elevated temperature, and (4)
interrupting the carburization process as in (3) but also reac-
tivating the workpiece during this interruption by contact
with a halogen containing gas.

In accordance with another feature of this invention, we
have found that by applying the technology described in our
earlier U.S. Pat. No. 6,547,888 to the inventive low tempera-
ture carburization processes described here, we can achieve
still further improvements in the overall carburization pro-
cess. Specifically, we have found that by combining these two
technologies, a further reduction in the overall time it takes to



US 9,212,416 B2

11

complete the carburization reaction, a further reduction in the

amount of soot produced during the carburization reaction, or

both, can be achieved.

As described in our *888 patent, approach (1), i.e., chang-
ing the carburization potential by reducing reaction tempera-
ture, envisions using higher reaction temperatures than would
normally be the case during early stages of carburization
followed by lower reaction temperatures at later stages. Simi-
larly, approach (2), i.e., changing the carburization potential
by reducing the concentration of carburization specie in the
carburization gas, envisions using higher concentrations of
carburization specie than would normally be the case during
early stages of carburization followed by lower concentra-
tions at later stages. This same departure from “normal” prac-
tice is followed in this embodiment as well. In particular, this
embodiment can be carried out by first determining a suitable
set of “base line” carburization conditions in which the inven-
tive process is carried out with these conditions being held
constant during the entire carburization reaction. Then the
manner in which the carburization temperature should be
lowered, the manner in which the concentration of the car-
burization specie in the carburization gas should be lowered,
or both, can be determined using these base line carburization
conditions as a guide. This can be easily done by routine
experimentation.

Similarly, how to adopt approach (3) of the *888 patent
(i.e., changing the carburization potential by interrupting car-
burization while maintaining the workpiece at elevated tem-
perature) to the technology of this invention and how to adopt
approach (4) of the 888 patent, (i.e., changing the carburiza-
tion potential by contacting the workpiece with a halogen
containing gas during an interruption in carburization) to the
technology of this invention, can also be easily determined by
routine experimentation using a base line set of activation
conditions and a base line set of carburization conditions
determined in the manner described above.

So, for example, a base line set of constant activation and
reaction conditions that can be used to low temperature car-
burize an AISI 316 stainless steel workpiece by the inventive
process involves activating the workpiece by contact with 5
liters/min. of an activating gas mixture comprising 1 vol. %
hydrogen chloride in hydrogen gas for % to 1 hour in a
carburization reactor having an internal volume of 4 cubic
feet (~113 liters) at 350° C. 10 450° C. and 6 to 8 torr pressure,
followed by carburizing the workpiece by contact with a
carburization gas comprising 10% to 35% acetylene and the
balance hydrogen in the same reactor at a temperature of 350°
C. 10 450 C and a pressure of 6 to 8 torr for 15 to 30 hours.

With this base line as a guide, the technology of the *888
patent in which the carburization conditions are changed
during the course of the carburization reaction can be imple-
mented according to any of the following exemplary modifi-
cations:

(a) Same as baseline but with activation of the workpiece
being interrupted with a preliminary carburization step
carried out in the same way as described above;

(b) Same as baseline or (a) but with the main carburization
step (i.e., after activation) being carried out with a ramped
acetylene content, i.e., an acetylene content that continu-
ously decreases, for example, starting at 20 vol. % to 35
vol. % then reducing to 10 vol. % by the end of carburiza-
tion;

(¢) Same as baseline or (a) but with carburization carried out
with pulsed flow of the carburization gas, each pulse for
example involving 1 minute of flow of the acetylene-en-
riched carburization gas described above followed by 14
minutes of 100% hydrogen gas flow (In this regard, it will
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be appreciated that pulsed flow of the carburizing gas as
described here is just another example of approach (3) of
the ’888 patent, i.e., changing the carburization potential
by interrupting carburization while maintaining the work-
piece at elevated temperature);

(d) Same as (c) wherein the concentration of acetylene in the
carburization gas is both pulsed and downwardly ramped,
for example, by reducing the length of each acetylene
enriched pulse from 1 minute in duration during the early
stages of carburization to 20 seconds in duration during
later stages of carburization;

(e) Same as (c¢) wherein the concentration of acetylene in the
carburization gas is both pulsed and downwardly ramped,
with downward ramping of the acetylene concentration
being accomplished by decreasing the frequency of the
pulses, for example, by increasing the time between pulses
from 14 minutes during the early stages of carburization to
29 minutes during the later stages of carburization;

(f) Same as (c) wherein the concentration of acetylene in the
carburization gas is both pulsed and downwardly ramped,
with downward ramping of the acetylene concentration
being accomplished by using pulses of the same duration
but reducing the concentration of acetylene in successive
pulses, for example, by reducing the acetylene concentra-
tion in the carburizing gas from about 20% to 35% during
early stages of carburization to 10% during later stages of
carburization;

(g) Same as baseline or (a) but with the main carburization
step (i.e., after activation) being carried out with a ramped
temperature, i.e., a carburization temperature that
decreases, for example, starting at 510° C. for 30 min,
decreasing to 450° C. for 120 min, followed by a further
decrease to 380° C. for the remainder of the carburization
step;

(h) Same as baseline or (a) but with carburization carried out
with pulsed flow of the carburization gas as in (c) with the
carburizing temperature being downwardly ramped as in

(1) Same as (h) but with the concentration of acetylene in the
carburization gas also being downwardly ramped as in (e),
i.e., by decreasing the frequency of the pulses, for example,
by increasing the time between pulses from 14 minutes
during the early stages of carburization to 29 minutes dur-
ing the later stages of carburization;

(j) Same as (h) but with the concentration of acetylene in the
carburization gas also being downwardly ramped as in (f),
i.e., by reducing the acetylene concentration in the carbur-
izing gas used in each pulse from about 20% to 35% during
early stages of carburization to 10% during later stages of
carburization.

WORKING EXAMPLES

In order to describe this invention more thoroughly, the
following working examples are provided.

Example 1

An AISI 316 stainless steel workpiece, after cleaning to
remove organic residue, was placed in a carburizing reactor
having an internal volume of 4 cubic feet (~113 liters) which
was then evacuated to a hydrogen pressure of 6 torr, while the
internal temperature of the reactor was raised to 450° C. The
workpiece was then activated by continuously feeding an
activating gas comprising 1 vol. % HCl gas in H, to the reactor
at a flow rate of about 5 liter/min. while maintaining the
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internal temperature of the reactor at 450° C. and the internal
pressure of the reactor at 6 torr.

After ¥4 hour, and without taking the workpiece out of the
reactor or otherwise exposing the workpiece to the atmo-
sphere, the flow of activating gas to the reactor was terminated
and replaced with a flow of a 5 liter/min. of a carburizing gas
comprising 20 vol. % acetylene in hydrogen (H,) while main-
taining the internal temperature of the reactor 450° C. and the
internal pressure of the reactor at 6 torr.

These conditions were maintained essentially constant for
1 hour, at which time the above activating and carburization
steps were repeated without taking the workpiece out of the
reactor or otherwise exposing the workpiece to the atmo-
sphere. That is to say, after the workpiece had been carburized
for 1 hour, the first carburization step was terminated and
replaced by a second activation step. This was done by ter-
minating the flow of acetylene, and starting a new flow of
HCl, and increasing the flow of hydrogen so that the work-
piece was subjected to a second activation step essentially the
same as the first, i.e., essentially the same time, essentially the
same temperature and essentially the same activating gas.

After 1 hour, the second activation step was terminated and
the second, main carburization step begun, again without
taking the workpiece out of the reactor or otherwise exposing
the workpiece to the atmosphere. This was done by terminat-
ing the flow of HCl, beginning a new flow of acetylene, and
decreasing the flow of hydrogen so that the workpiece was
exposed to the same conditions of temperature, pressure and
carburizing gas composition as the first carburizing step.

Then, beginning at about 3 hours after the second, main
carburization step began, the carburization potential of the
carburizing gas was reduced from a higher value during initial
stages of carburization to a lower value during later stages of
carburization for the purpose of making the entire carburiza-
tion reaction proceed faster than otherwise would be the case
in accordance with our earlier U.S. Pat. No. 6,347,888. This
was done by reducing the concentration of acetylene in the
carburizing gas in stepped increments, from 20 vol. % to 15
vol. %, starting 3 hours after the second carburization step
began, and then again from 15 vol. % to 10 vol. % starting 5
hours after the second carburization step began. Carburiza-
tion was continued under these conditions (450° C., 6 torr
total pressure, acetylene concentration in carburizing gas 10
vol. %, balance hydrogen) for an additional 9 hours, after
which carburization was complete.

At this time (14 hours after the second, main carburization
step began), the flow of acetylene to the carburization reactor
was terminated while the flow rate ot hydrogen was continued
at 6 torr pressure until the workpiece had cooled to about
room temperature. After removal from the reactor, the work-
piece so obtained was examined and found to have a hardened
surface (i.e., case) approximately 16-18, deep essentially
free of carbide precipitates and exhibiting a near surface
hardness of about 700-800 Vickers. Visual inspection
revealed that the workpiece exhibited a bright, shiny metallic
surface essentially free of the surface adherent soot and ther-
mal oxide coating that normally forms as a result of low
temperature carburization, thereby eliminating the need for
any post processing cleaning.

Example 2

Example 1 was repeated except that, during the second,
main carburization step a pulsed flow of acetylene was fed to
the carburization reactor. Initially, 5 liters/min of a carburiz-
ing gas comprising 20 vol. % acetylene/80 vol. % hydrogen
was fed to the carburization reactor in 1 minute pulses at a
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frequency of 1 pulse each 15 minutes. In between each pulse
was a 14 minute interval during which the carburizing gas fed
to the reactor was 5 liters/min of 100% hydrogen.

1 hour after the second, main carburization step began, the
duration of each pulse decreased from 60 seconds to 40 sec-
onds while the duration of each interval increased 20 seconds
to keep the frequency of the pulses the same. Then, 3 hours
after the second carburization step began, the duration of each
pulse decrease again from 40 seconds to 20 seconds while the
duration of each interval increased another 20 seconds to keep
the frequency of the pulses the same. Carburization continued
for another 11%% hours after this second change (14 hours
total in second, main carburization step), after which carbur-
ization was complete.

The workpiece was then cooled, removed from the reactor
and examined in the same way as in Example 1 above. The
low temperature carburized workpiece so obtained was found
to have a hardened surface (i.e., case) approximately 15-17p
deep essentially free of carbide precipitates and exhibiting a
near surface hardness of about 650-750 Vickers. Visual
inspection revealed that this workpiece also was essentially
free of surface adherent soot and yellowish thermal oxide
exhibiting a bright, shiny metallic surface requiring no post
processing cleaning.

Example 3

Example 1 was repeated except that:

(a) during both activation steps, the flow rate of the activating
gas to the reactor was about 12 liter/min.,

(b) the carburizing gas used in the first carburizing step was
composed of 10 vol. % acetylene in H,, and

(c) the second carburizing step lasting 13.5 hours and used a

carburizing gas composed of 10 vol. % acetylene in H,

during the entire second carburization step.

Analysis of the carburized workpiece obtained revealed a
hardened surface (i.e., case) approximately 18-20u deep
essentially free of carbide precipitates and exhibiting a near
surface hardness of about 800-900 Vickers. Visual inspection
revealed that the workpiece exhibited no thermal oxide coat-
ing of the type that normally forms as a result of low tem-
perature carburization, but that some surface areas did carry a
thin adherent layer of soot.

Example 4

Example 3 was repeated except that the workpiece was
made from Alloy 6MO (UNS N08367), which is a highly
alloyed stainless steel composed of Ni 25.5/23.5 wt %, Mo
7/6 wt%, N 0.25/0.18 wt %, Fe bal., available from Allegheny
Ludlum Corporationunder the designation AL6XN. Analysis
of the carburized workpiece obtained revealed a hardened
surface (i.e., case) approximately 12-14p deep essentially
free of carbide precipitates and exhibiting a near surface
hardness of about 900-1000 Vickers. Visual inspection
revealed that the workpiece exhibited a bright, shiny metallic
surface essentially free of the surface adherent soot and ther-
mal oxide coating that normally forms as a result of low
temperature carburization, thereby eliminating the need for
any post processing cleaning.

Example 5

Example 3 was repeated except that the activating gas was
composed of 1 vol. % HCl in N,. N, was used as the com-
panion gas in the activating gas in this example, because this
approach allows easier processing of the effluent activating
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gas, in particular by eliminating the need to process the eftlu-
ent activating gas through an afterburner for combusting
unconsumed H,. Analysis of the carburized workpiece
obtained revealed a hardened surface (i.e., case) approxi-
mately 14-16p essentially free of carbide precipitates and
exhibiting a near surface hardness of about 800-900 Vickers.
Visual inspection revealed that the workpiece obtained exhib-
ited no thermal oxide coating of the type that normally forms
as a result of low temperature carburization, but that some
surface areas did carry a thin adherent layer of soot.

Example 6

Example 4 was repeated except that the activating gas was
composed of 1 vol. % HCl in N,. Analysis of the carburized
workpiece obtained revealed a hardened surface (i.e., case)
approximately 10-14p deep essentially free of carbide pre-
cipitates and exhibiting a near surface hardness of about
700-800 Vickers. Visual inspection revealed that the work-
piece exhibited a bright, shiny metallic surface essentially
free of the surface adherent soot and thermal oxide coating
that normally forms as a result of low temperature carburiza-
tion, thereby eliminating the need for any post processing
cleaning.

Although only a few embodiments of the present invention
have been described above, it should be appreciated that
many modifications can be made without departing from the
spirit and scope of the invention. All such modifications are
intended to be included within the scope of the present inven-
tion, which is to be limited only by the following claims.

The invention claimed is:

1. A process for surface hardening a workpiece made from
stainless steel by gas carburization in which the workpiece is
contacted with a carburizing gas at an elevated carburization
temperature to cause carbon to diffuse into the workpiece
surfaces thereby forming a hardened primary surface layer
essentially free of carbide precipitates, wherein

(1) the carburizing gas contains a carburizing specie com-
prising an unsaturated hydrocarbon,

(2) the partial pressure of the carburizing specie in the
carburizing gas is about 0.5 to 20 torr (~67 to ~2,666 Pa),

(3) the total pressure of the carburizing gas is about 3.5 to
100 torr (~500 to ~13,000 Pa),

(4) the carburizing gas also contains a companion gas, the
companion gas comprising hydrogen, natural gas, pro-
pane, another C,-C alkane or another saturated hydro-
carbon, and

(5) the partial pressure of the companion gas in the carbur-
izing gas is at least twice the partial pressure of the
carburizing specie.

2. The process of claim 1, wherein the carburizing gas

comprises acetylene and hydrogen.

3. The process of claim 1, wherein the carburizing gas is
essentially free of an inert gas.

4. The process of claim 1, wherein the total pressure of the
carburizing gas is about 5-25 torr (~666 to ~3,333 Pa).

5. The process of claim 4, wherein the total pressure of the
carburization gas is about 6-9 torr (800-1,200 Pa) and the
concentration of carburization specie in the carburization gas
is about 10-33 vol. %.

6. The process of claim 1, wherein the carburization poten-
tial of the carburizing gas is changed over the course of the
carburization reaction.

7. The process of claim 6, wherein carburization is carried
outin a carburization reactor, and further wherein the carbur-
ization potential is changed by pulsing the flowrate of carbur-
izing specie to the carburization reactor.
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8. The process of claim 6, wherein the carburization poten-
tial of the carburizing gas is changed by at least one of (3)
interrupting the flow of carburizing specie to the carburiza-
tion reactor, and (4) interrupting the flow of carburizing
specie the carburization reactor and, in addition, contacting
the workpiece with a halogen containing gas during this inter-
ruption.

9. A process for surface hardening a workpiece made from
an iron, nickel or chromium based alloy by gas carburization
in which the workpiece is contacted with a carburizing gas at
an elevated carburization temperature to cause carbon to dif-
fuse into the workpiece surfaces thereby forming a hardened
primary surface layer essentially free of carbide precipitates,
wherein

(1) the carburizing gas contains a carburizing specie com-
prising an unsaturated hydrocarbon,

(2) the partial pressure of the carburizing specie in the
carburizing gas is about 0.5 to 20 torr (~67 to ~2,666 Pa),

(3) the total pressure of the carburizing gas is about 3.5 to
100 torr (~500 to ~13,000 Pa),

(4) the carburizing gas also contains a companion gas, the
companion gas comprising a gas that will react with
oxygen under the above elevated carburization tempera-
ture and total pressure but which is not an unsaturated
hydrocarbon, and

(5) wherein the carburization potential of the carburizing
gas is changed over the course of the carburization reac-
tion by at least one of (1) reducing the reaction tempera-
ture from a higher reaction temperature during an earlier
stage of carburization to a lower reaction temperature
during a later stage of carburization, and (2) reducing the
concentration of carburization specie in the carburiza-
tion gas from a higher concentration during an earlier
stage of carburization to a lower concentration during a
later stage of carburization.

10. A process for surface hardening a workpiece made
from an iron, nickel or chromium based alloy by gas carbur-
ization in which the workpiece is contacted with a carburizing
gas at an elevated carburization temperature to cause carbon
to diffuse into the workpiece surfaces thereby forming a hard-
ened primary surface layer essentially free of carbide precipi-
tates, wherein

(1) the carburizing gas contains a carburizing specie com-
prising an unsaturated hydrocarbon,

(2) the partial pressure of the carburizing specie in the
carburizing gas is about 0.5 to 20 torr (~67 to ~2,666 Pa),

(3) the total pressure of the carburizing gas is about 3.5 to
100 torr (~500 to ~13,000 Pa),

(4) the carburizing gas also contains a companion gas, the
companion gas comprising hydrogen, natural gas, pro-
pane, another C,-C alkane or another saturated hydro-
carbon, and

(5) the workpiece is activated by contact with an activating
gas, with activation and carburization being done in the
same reactor without removing the workpiece from the
reactor or otherwise exposing the workpiece to the atmo-
sphere between activation and carburization steps.

11. A process for surface hardening a workpiece made
from an iron, nickel or chromium based alloy by gas carbur-
ization in which the workpiece is contacted with a carburizing
gas at an elevated carburization temperature to cause carbon
to diffuse into the workpiece surfaces thereby forming a hard-
ened primary surface layer essentially free of carbide precipi-
tates, wherein

(1) the carburizing gas contains a carburizing specie com-
prising an unsaturated hydrocarbon,
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(2) the partial pressure of the carburizing specie in the
carburizing gas is about 0.5 to 20 torr (~67 to ~2,666 Pa),

(3) the total pressure of the carburizing gas is about 3.5 to
100 torr (~500 to ~13,000 Pa),

(4) the carburizing gas also contains a companion gas, the
companion gas comprising a gas that will react with
oxygen under the above elevated carburization tempera-
ture and total pressure but which is not an unsaturated
hydrocarbon, and

(5) wherein the workpiece is activated by contact with an
activating gas, activation and carburization being done
in the same reactor without removing the workpiece
from the reactor or otherwise exposing the workpiece to
the atmosphere between activation and carburization
steps, wherein the workpiece is activated at an activation
pressure and an elevated activation temperature by con-
tact with an activating gas mixture comprising a mixture
of said activating gas and said companion gas, wherein
the activation and carburization temperatures differ by
no more than 100° C., and further wherein the activation
and carburization pressures differ by no more than 20
torr.

12. The process of claim 11, wherein the activation and
carburization temperatures differ by no more than 50° C., and
further wherein the activation and carburization pressures
differ by no more than 10 torr.

13. A process for surface hardening a workpiece made
from an iron, nickel or chromium based alloy by gas carbur-
ization in which the workpiece is contacted with a carburizing
gas at an elevated carburization temperature to cause carbon
to diffuse into the workpiece surfaces thereby forming a hard-
ened primary surface layer essentially free of carbide precipi-
tates, wherein

(1) the carburizing gas contains a carburizing specie com-
prising an unsaturated hydrocarbon,

(2) the partial pressure of the carburizing specie in the
carburizing gas is about 0.5 to 20 torr (~67 to ~2,666 Pa),

(3) the total pressure of the carburizing gas is about 3.5 to
100 torr (~500 to ~13,000 Pa),

(4) the carburizing gas also contains a companion gas, the
companion gas comprising a gas that will react with
oxygen under the above elevated carburization tempera-
ture and total pressure but which is not an unsaturated
hydrocarbon, and

(5) wherein the workpiece is activated by contact with an
activating gas, activation and carburization being done
in the same reactor without removing the workpiece
from the reactor or otherwise exposing the workpiece to
the atmosphere between activation and carburization
steps, wherein the absolute pressure ofthe activating gas
in the reactor during activation, and the absolute pres-
sure of the carburizing gas in the reactor during carbur-
ization differ by no more than +10%.

14. A process for surface hardening a stainless steel work-
piece by gas carburization inside a carburization reactor in
which the workpiece is contacted with a carburizing gas at an
elevated carburization temperature to cause carbon to diffuse
into the workpiece surfaces thereby forming a hardened pri-
mary surface layer essentially free of carbide precipitates,
wherein

(1) the carburizing gas contains a carburizing specie com-
prising an unsaturated hydrocarbon,

(2) the partial pressure of the carburizing specie in the
carburizing gas is about 0.5 to 20 torr (~67 to ~2,666 Pa),

(3) the total pressure of the carburizing gas is about 3.5 to
100 torr (~500 to ~13,000 Pa),
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(4) the carburizing gas also contains a companion gas, the
companion gas comprising a gas that will react with
oxygen under the above elevated carburization tempera-
ture and total pressure but which is not an unsaturated
hydrocarbon, and

(5) wherein the workpiece is activated inside the carbur-
ization reactor by causing an activating gas comprising a
mixture of 0.1 vol. % to 20 vol. % hydrogen chloride in
hydrogen gas to flow into the reactor and contact the
workpiece at 350° C. to 510° C. and 3.5 to 100 torr
pressure for Y4 to 4 hours, after which the workpiece is
carburized in a main carburization step without remov-
ing the workpiece from the carburizing reactor.

15. The process of claim 14, wherein an activating gas
comprising a mixture of 0.5 vol. % to 10 vol. % hydrogen
chloride in hydrogen gas is caused to flow into the reactor and
contact the workpiece at 350° C. to 450° C. and 5 to 25 torr
pressure, after which the workpiece is carburized in a main
carburization step without removing the workpiece from the
carburizing reactor by causing a carburization gas comprising
7% to 40% acetylene and the balance hydrogen to flow into
the reactor and thereby contact the workpiece at a temperature
0f'350° C. to 450 C and a pressure of 5 to 25 torr.

16. The process of claim 15, wherein an activating gas
comprising a mixture of 1 vol. % to 5 vol. % hydrogen
chloride in hydrogen gas is caused to flow into the reactor and
contact the workpiece at a pressure of 6 torr to 9 torr, after
which the workpiece is carburized in a main carburization
step without removing the workpiece from the carburizing
reactor by causing a carburization gas comprising 10% to
35% acetylene and the balance hydrogen to flow into the
reactor and thereby contact the workpiece at a pressure of 6 to
9 torr.

17. The process of claim 14, wherein the flow of activating
gas to the reactor is interrupted, during this interruption the
workpiece is subjected to a preliminary carburization step in
which the workpiece is contacted with a carburizing gas com-
prising 10% to 35% acetylene and the balance hydrogen at a
temperature of 350° C. to 450 C and a pressure of 6 to 9 torr
for % to 1 hour, after which activation of the workpiece is
resumed.

18. The process of claim 17, wherein after activation of the
workpiece is completed, the workpiece is carburized in a
main carburization step in which the workpiece is contacted
with a carburization gas whose acetylene content decreases
from an initial value of about 20 vol. % to 35 vol. % to a final
value of about 10 vol. %.

19. The process of claim 14, wherein the flowrate of at least
one of (a) the hydrogen chloride content of the activation gas
to the carburization reactor and (b) the acetylene content the
carburizing gas to the carburization reactor is pulsed.

20. The process of claim 19, wherein the acetylene content
of the carburizing gas to fed to the carburization reactor
during the main carburization step is pulsed, and further
wherein the carburization potential of the carburizing gas is
decreased over the course of the main carburization step by

decreasing the frequency of these pulses,

decreasing the duration of these pulses,

decreasing the concentration of the carburization specie in
the carburization gas fed to the reactor during these
pulses, or

combinations thereof.

21. A process for surface hardening a workpiece made
from an iron, nickel or chromium based alloy by gas carbur-
ization in which the workpiece is contacted with a carburizing
gas at an elevated carburization temperature to cause carbon
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to diffuse into the workpiece surfaces thereby forming a hard-
ened primary surface layer essentially free of carbide precipi-
tates, wherein

(1) the carburizing gas contains a carburizing specie com-
prising an unsaturated hydrocarbon,

(2) the partial pressure of the carburizing specie in the
carburizing gas is about 0.5 to 20 torr (~67 to ~2,666 Pa),

(3) the total pressure of the carburizing gas is about 3.5 to
100 torr (~500 to ~13,000 Pa),

(4) the carburizing gas also contains a companion gas, the
companion gas comprising a gas that will react with
oxygen under the above elevated carburization tempera-
ture and total pressure but which is not an unsaturated
hydrocarbon, and

(5) wherein the workpiece is activated by contact with an
activating gas, activation and carburization being done
in the same reactor without removing the workpiece
from the reactor or otherwise exposing the workpiece to
the atmosphere between activation and carburization
steps, wherein the flow of activating gas to the reactor
during the activating step is pulsed.

22. The process of claim 21, wherein the intensity of the
activation treatment is reduced over the course of the activa-
tion treatment by

decreasing the frequency of these pulses,

decreasing the duration of these pulses,

decreasing the concentration of the activating gas in the
activating gas mixture fed to the reactor during these
pulses, or

combinations thereof.

23. A process for surface hardening a workpiece made
from an iron, nickel or chromium based alloy by gas carbur-
ization in which the workpiece is contacted with a carburizing
gas at an elevated carburization temperature to cause carbon
to diffuse into the workpiece surfaces thereby forming a hard-
ened primary surface layer essentially free of carbide precipi-
tates, wherein

(1) the carburizing gas contains a carburizing specie com-
prising an unsaturated hydrocarbon,

(2) the partial pressure of the carburizing specie in the
carburizing gas is about 0.5 to 20 torr (~67 to ~2,666 Pa),

(3) the total pressure of the carburizing gas is about 3.5 to
100 torr (~500 to ~13,000 Pa),

(4) the carburizing gas also contains a companion gas, the
companion gas comprising hydrogen, natural gas, pro-
pane, another C,-C alkane or another saturated hydro-
carbon, and

(5) the carburization potential of the carburizing gas is
changed over the course of the carburization reaction by
at least one of (1) lowering the carburization tempera-
ture, (2) lowering the concentration of carburizing
specie in the carburizing gas, (3) interrupting the carbur-
ization process while maintaining the workpiece at
elevated temperature, and (4) interrupting the carburiza-
tion process while maintaining the workpiece at elevated
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temperature and, in addition, reactivating the workpiece
during this interruption by contact with a halogen con-
taining gas.

24. The process of claim 23, wherein carburization is car-
ried out in a carburization reactor, and further wherein the
carburization potential is additionally changed by pulsing the
flowrate of the carburizing specie fed to the carburization
reactor.

25. A process for producing a surface-hardened, corrosion-
resistant stainless steel workpiece exhibiting a shiny metallic
appearance without requiring removal of byproduct soot or
thermal oxide from the workpiece surfaces, the process com-
prising contacting the workpiece surfaces with a carburizing
gas in a carburizing reactor under conditions of time and
temperature which are sufficient to cause carbon to diffuse
into the workpiece surfaces thereby forming a hardened pri-
mary surface layer essentially free of carbide precipitates,
wherein

(1) the carburizing gas fed to the reactor comprises acety-

lene and hydrogen,

(2) the partial pressure of acetylene in the carburizing gas is

about 0.5 to 20 torr (~67 to ~2,666 Pa), and

(3) the total pressure of the carburizing gas is about 3.5 to

100 torr (~500 to ~13,000 Pa).

26. The process of claim 25, wherein the carburization
potential of the carburizing gas is changed over the course of
the carburization reaction by at least one of (1) lowering the
carburization temperature, (2) lowering the concentration of
carburizing specie in the carburizing gas, (3) interrupting the
carburization process while maintaining the workpiece at
elevated temperature, and (4) interrupting the carburization
process while maintaining the workpiece at elevated tempera-
ture and, in addition, reactivating the workpiece during this
interruption by contact with a halogen containing gas.

27. The process of claim 25, wherein the molar ratio of
hydrogen to acetylene in the carburizing gas is at least 2:1.

28. The process of claim 27, wherein prior to contact of the
workpiece with the carburizing gas, the workpiece is con-
tacted with an activating gas comprising a mixture of hydro-
gen and a halogen containing gas.

29. The process of claim 28, wherein the workpiece is
contacted with the activating gas and the carburizing gas in
the same carburization reactor without exposing the work-
piece to contact with the atmosphere between contact with the
activating gas and the carburizing gas.

30. The process of claim 29, wherein the flowrate to the
carburization reactor of at least one of (a) the activating gas
and (b) the acetylene in the carburizing gas is pulsed.

31. The process of claim 30, wherein the acetylene content
of the carburizing gas to the carburization reactor is pulsed.

32. The process of claim 31, wherein at least one of the
duration of the pulse and the frequency of the pulse is short-
ened from an higher value at in early stages of carburization to
a relatively lower value in later stages of carburization so that
the carburization potential of the carburization gas decreases
over the course of the carburization reaction.
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